The CXCR4 and Nrf2 signaling pathways are abnormally activated in response to cellular stress in various types of human cancers. In this study, we examined the expression of CXCR4 and Nrf2 in colorectal cancer (CRC) tissue specimens and investigated their correlation with patient clinicopathologic characteristics. We determined CXCR4 and Nrf2 expression in 76 CRC tissue specimens and paired normal tissue specimens by immunohistochemistry and real-time PCR. We found that the protein and mRNA transcript levels of CXCR4 were significantly higher in CRC tissue specimens than in paired normal tissues, while the expressions of Nrf2 protein and mRNA were increased in CRC tissues compared to distant non-cancerous tissues. High expression level of CXCR4 was positively correlated with poorly differentiated (P = 0.031), more advanced tumor-node-metastasis (TNM) stage (P = 0.019), lymph node metastasis (P = 0.007) and distant metastasis (P = 0.018). However, the expression of Nrf2 protein was positively correlated with larger tumor size (P = 0.049), more advanced TNM stage (P = 0.013), lymph node metastasis (P = 0.016) and distant metastasis (P = 0.023). Moreover, there was a strong relationship between CXCR4 and Nrf2 expression in CRC tissues, indicating that high Nrf2 expression may contribute to CXCR4 overexpression. In addition, combined expression of CXCR4 and Nrf2 strongly correlated with lymph node metastasis and distant metastasis (P = 0.003). Furthermore, we found that combined high expression of CXCR4 and Nrf2 had stronger correlation with lymph node metastasis and distant metastasis than any single molecule did. This study indicated that the abnormal expression of CXCR4 and Nrf2 contributed to the progression of CRC.
INTRODUCTION
Colorectal cancer (CRC) is one of the most prevalent malignancies and the third leading cause of cancer-related death worldwide. The 5-year survival rate is 90% for patients with local CRC, which decreases to 12% for patients with distant metastasis [1] . At present, besides radical surgery, adjuvant therapies such as chemotherapy and targeted therapy have been widely used. However, there has been no breakthrough in the control of CRC once it develops extra lymph node metastasis, and most patients with CRC develop liver metastasis either synchronously or metachronously [2, 3] . Therefore, it is necessary to identify factors involved in colon cancer metastasis.
According to the "homing" theory, chemokines are able to chemoattract tumor cells into target tissues [4] . Recent studies have highlighted the role of chemokines and their receptors in cancer metastasis [5] . CXCR4, a seven-transmembrane G protein-coupled receptor (GPCR), is the receptor of stromal cellderived factor (SDF-1), which plays an important role in embryonic development, immune and inflammatory response, HIV infection, directional regulation of hematopoiesis, angiogenesis, and migration of metastatic tumor cells [6, 7] . It has been reported that CXCR4 is the most common chemokine receptor expressed in human tumors, such as breast cancer, lung cancer, pancreatic cancer, oral squamous cell carcinoma and ovarian cancer [8] [9] [10] [11] [12] [13] , and especially CRC, in which CXCR4 is essential for directional tumor metastasis [14] [15] [16] . Tumorigenesis is accompanied by various cellular stresses; more specifically, CRC cells have totally different phenotypes in response to cellular stress. Some colonies survive by adapting to the local tumor microenvironment while some escape from the primary lesion and become settlers, which is mainly responsible for metastases. Moreover, cellular stress has been reported to induce cellular factors that cause cell invasion and migration by regulating the SDF-1/ CXCR4 signaling pathways directly [17, 18] . The transcription factor NFE2-related factor 2 (Nrf2) has been proved to play an irreplaceable role when cells adaptively respond to stress [19] . Under normal circumstances, Nrf2 in the cytoplasm remains transcriptionally inactive through binding to its inhibitor Kelch-like ECH-associated protein 1 (Keap1), and is quickly degraded by the proteasome to maintain the protein at low levels [19] . However, in several cancer types, physiological concentrations of reactive oxygen species (ROS) or reactive nitrogen species (RNS) molecules reduce the free sulfhydryl (-SH) groups of cysteine in Keap1, which disrupts Nrf2 from binding to Keap1 [20] . Dissociated Nrf2 is transported into the nucleus and bound to antioxidant response elements (AREs) or electrophile response elements (EpREs), finally regulating the expression of genes involved in response to cellular stress [21] . Evidence suggested that mutations in Nrf2 are common in cancer cells, which could help tumor cells to survive and might be associated with poor survival of cancer patients [22] [23] [24] . Previous studies have shown that the Nrf2 signaling pathway is abnormally activated in CRC [25] . Based on these studies, we speculate that there may be a direct correlation between CXCR4 and Nrf2 expression and the progression of CRC. Therefore, we collected 76 CRC tissue specimens and paired normal tissue specimens to analyze Nrf2 and CXCR4 expression by using immunohistochemistry and quantitative real time polymerase chain reaction (qRT-PCR) and examined their association with clinicopathologic parameters of CRC patients.
SUBJECTS AND METHODS

Patients and samples
A total of 76 patients with CRC who underwent surgical resection at the authors' affiliated hospital between January 2009 and December 2012 were enrolled in the study. They had received no prior radiotherapy or chemotherapy. Cancer and paired normal tissue (5 cm from the tumor margin) specimen were collected from each patient. Histological diagnosis was performed for all the cases by three independent, experienced pathologists. This study protocol was approved by the ethics committee of the authors' affiliated institution, the procedures were performed in accordance with the Helsinki Declaration and all specimens were obtained from patients with informed consent.
The age of the patients (42 males and 34 females) ranged from 28 to 79 years (median age 61 years). Other clinicopathologic data are shown in Table 1 . Tumor-node-metastasis (TNM) stages were assigned using the American Joint Committee on Cancer (AJCC) criteria.
The tissue samples were taken from the operating room during surgery and snap frozen in liquid nitrogen and stored at -80°C for RNA isolation. For immunohistochemistry, the tissue samples were fixed in 4% paraformaldehyde for 24 hours, dehydrated and embedded in paraffin.
Immunohistochemistry
Immunohistochemical staining was performed to detect the expression of CXCR4 and Nrf2 by using hematoxylin/eosin. The antigens were retrieved by deparaffinization and hydration. Each section was blocked with 3%H 2 O 2 for 10 minutes to inhibit endogenous peroxidase, and then incubated with primary antibody against CXCR4 (ab2074, Abcam, HK) or Nrf2 (ab62352, Abcam) overnight at 4°C. Negative controls were set up by omitting the primary antibody. Then, they were incubated with biotinylated secondary antibodies for 30 minutes at room temperature. DAB substrate was added to reveal immunoreactive products, and then the tissue sections were counterstained with hematoxylin to reveal nuclei.
To count the number of positive cells, we used a microscope to examine and analyze the sections at 10 random fields. Staining intensity was graded as follows: 0, no staining; 1, weak intensity; 2, moderate intensity; 3, strong intensity. The percentage of positive cells was scored as follows: 1, <25%; 2, 26-50%; 3, 51-75%; 4, >76%. Scores for expression and percentage of positive cells were added. Based on the total scores, samples were categorized into four groups: the negative group (-), ≤ 5% cells were stained, 0; the weak expression group (+), 1-3; the moderate expression group (++), 4-5; the strong expression group (+++), 6-7. In these groups, the negative and the weak expression groups (-or +) were considered to have lower gene expression and noted as negative results for statistical analysis, while the moderate and the strong expression groups were considered to have higher gene expression and noted as positive results.
Real-time reverse transcription polymerase chain reaction (RT-PCR)
Total mRNA was extracted using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and reverse transcription was performed using an RT-PCR kit (TaKaRa, Dalian, China). Complementary DNA syn- thesis was conducted using the SYBR ExScript RT-PCR kit (TaKaRa) according to the manufacturer's instructions. Real-time PCR was conducted using the iQ5 Multi-color Real-time PCR Detection System (Bio-Rad, Hercules, CA, USA) and SYBR Premix Ex Taq TM II (TaKaRa). The primers of CXCR4, Nrf2 and GAPDH were designed and synthesized by TaKaRa, and the sequences were as follows: CXCR4, forward 5'-TCTGTGACCGCTTCTACC-3', and reverse 5'-AGGATGAGGATGACTGTGG-3' Nrf2, forward 5'-CCAACACACGGTCCACAGCT-3', and reverse 5'-TCCGTCGCTGACTGAAGTCAA-3'; GAPDH, forward 5'-ACCACAGTCCATGCCATCAC-3', and reverse 5'-TCCACCACCCTGTTGCTGTA-3'. Each measurement was performed at least three times. A dissociation curve analysis was conducted for each quantitative PCR. The expression of the target gene was evaluated using a relative quantification approach (2 -ΔΔCt method) with GAPDH as the internal control.
Statistical analysis
Data were evaluated by using Student's t-test and the chi-squared (χ 2 ) test. Spearman analysis was performed to analyze correlation between CXCR4 and Nrf2 expression. Statistical Package for Social Science (SPSS) version 17.0 (SPSS Inc., Chicago, IL, USA) was used. All reported P values were two-sided. P < 0.05 was considered statistically significantly different and P < 0.01 was considered highly statistically significantly different. Table 1 . Firstly, we assessed the expression of CXCR4 protein by immunohistochemistry. Compared to the positive rate of CXCR4 expression in paired normal tissues (28/76, 36.84%), higher expression of CXCR4 was detected in 50 of the 76 tumors (65.79%). The difference was significant (χ 2 = 12.75, P < 0.01, Fig. 1) . Moreover, to analyze the expression of CXCR4 mRNA, we performed real-time PCR on 76 paired CRC tissues and adjacent non-cancerous tissues. The results showed that the mRNA transcript levels of CXCR4 in the CRC tissues were significantly higher than those in the adjacent non-cancerous tissues (4.13±0.66 vs. 1.24±0.30, t = 29.25, P < 0.01, Fig. 2A ). Then, we analyzed the association of CXCR4 protein expression with clinicopathological data of CRC patients. We found that the expression of CXCR4 was significantly associated with poorly differentiated (P = 0.031), more advanced TNM stage (P = 0.019), lymph node metastasis (P = 0.007) and distant metastasis (P = 0.018) ( Table 1) .
Nrf2 gene expression according to patient characteristics
By using immunohistochemistry to examine the protein expression of Nrf2, we found that the positive rate of Nrf2 expression was 60.53% (46/76) in CRC tissues and 26.32% (20/76) in paired normal tissues, respectively. Nrf2 protein expression in CRC tissues was significantly higher than that in the adjacent non-cancerous tissues (χ 2 = 4.90, P < 0.05, Fig. 1 ). Meanwhile, by using real-time PCR to measure Nrf2 mRNA expression in 76 cases of CRC tissues and the corresponding non-cancerous tissues, we found that the average expression level of Nrf2 mRNA transcripts in CRC tissues was significantly higher than that in the adjacent non-cancerous tissues (3.11±0.58 vs. 1.03±0.28, t = 21.82, P < 0.01, Fig. 2B ). Furthermore, Nrf2 expression levels were found to be significantly higher in CRCs with larger tumor size (P = 0.049), more advanced TNM stage (P = 0.013), lymph node metastasis (P = 0.016) and distant metastasis (P = 0.023) ( Table 1) .
Correlation between CXCR4 and Nrf2 expression in CRC tissues CXCR4 promotes tumor cell migration and directional metastasis, which may be associated with Nrf2 activation. Therefore, we investigated the association between CXCR4 and Nrf2 levels in these CRC and matched normal tissues. By combining the expression of CXCR4 and Nrf2, we obtained the following four combinations in 76 cases: CXCR4+/Nrf2-, CXCR4+/ Nrf2+, CXCR4-/Nrf2-and CXCR4-/Nrf2+. We found a strong correlation between CXCR4 and Nrf2 expression. Notably, the co-expression of CXCR4 and Nrf2 was detected in 36 of the 76 tumors (47.37%) and significant difference was observed (r = 0.326, P < 0.01; Table 2 ). These results indicated that the upregulation of Nrf2 correlates very well with the overexpression of CXCR4 in tumor tissue. In addition, no statistically significant correlation was found between CXCR4 and Nrf2 expression in distant normal tissues (r = 0.101, P > 0.05; Table 2 ).
Association of CXCR4 and Nrf2 expression with lymph node metastasis
A total of 48 CRC cases showed metastasis to their draining lymph nodes. Among these tumors metastasized to the lymph nodes, 37 samples (37/48, 77.08%) showed a positive expression of CXCR4. A significant association was observed between the expression of CXCR4 and the lymph node-positive tumor status Table 1 ). Of the 48 cases, 34 cases (34/48, 70.83%) were positive for Nrf2 expression, and statistical analysis showed that the incidence of lymph node metastasis tended to be higher in CRC patients with high expression of Nrf2 (P = 0.016; Table 1 ). Upon combining the expression of CXCR4 and Nrf2, particularly, our data showed that the incidence rate of lymph node metastasis in patients with tumors coexpressing CXCR4 and Nrf2 (29/48, 60.42%) was significantly higher than other combinations (19/48, 39.58%). Therefore, statistical analysis showed that the co-expression of CXCR4 and Nrf2 was significantly correlated with lymph node metastasis in CRC patients (r = 0.342, P < 0.01; Table 3 ).
Association of CXCR4 and Nrf2 expression with distant metastasis
As shown in Table 1 , the incidence of distant metastasis in CRC patients was significantly associated with high expression of CXCR4 (16/18, 88.89%; P = 0.018) or Nrf2 (15/18, 83.33%; P = 0.023). Moreover, upon combining the expressions of CXCR4 and Nrf2, we found that the incidence rate of distant metastasis in patients with tumors co-expressing CXCR4 and Nrf2 (14/18, 77.78%) was significantly higher than other combinations (4/18, 22.22%). Spearman correlation analysis showed that the co-expression of CXCR4 and Nrf2 was significantly correlated with distant metastasis in CRC patients (r = 0.339, P < 0.01; Table 3 ).
DISCUSSION
In this study, we investigated CXCR4 and Nrf2 expression in human CRC samples by using immunohistochemistry and real-time PCR. Our results demonstrated that the expression of CXCR4 and Nrf2 was significantly higher in CRC tissue than that in paired normal tissue. The high expression of CXCR4 was associated with poor differentiated, advanced TNM stages, lymph node metastasis and distant metastasis. However, among the clinicopathological features, we found that the expression of Nrf2 protein was only positively associated with larger tumor size, advanced TNM stages and metastasis. In addition, the data showed that there was a statistically significant correlation between CXCR4 and Nrf2 expression in CRC tissues. We also found that high expression of CXCR4 and Nrf2 was associated with increased metastatic potential in human CRC.
The tumor microenvironment has become a research hotspot in recent years, which is closely related to the malignant progression of tumor. It has been shown that CXCR4, activated by its ligand SDF-1α (CXCL12), is critical for the adhesion, migration and invasion of tumor cells. The expression of CXCR4 has been shown to be associated with tumorigenesis and metastasis of many types of cancer [8] [9] [10] [11] [12] [13] [14] [15] [16] . Previous studies found that high expression of CXCR4 in CRC was significantly associated with advanced tumor stages and lymphatic or hematogenic metastasis [26] . Our result is in accordance with the previous studies. The association between lymph node metastasis and CXCR4 in CRC was the most notable among them (P = 0.007). Considering that CXCR4 is involved lymphocyte homing [27] , high expression of CXCR4 may act on some factors to induce the migration of cells , not only lymphocytes, but also cancer cells.
HIF-1α has emerged as an important tumor-secreted factor in response to hypoxia, and CXCR4 has been reported to be a target gene of HIF-1α [7, 28] . Their results point to a key role of the HIF-1α-CXCR4 pathway during cell migration [29] . However, as the tumor grows, apart from hypoxia, tumor cells will face with cell stresses such as oxidative stress and the accumulation of toxic substances. At the same time, Nrf2 activated by ROS and RNS in response to cellular stress also plays a key role. Previous studies showed that inhibition of NRF2 results in the failure of HIF-1α to accumulate under hypoxic conditions and further limits the progression of tumor [30] . Some evidence suggested that Nrf2 is related with anti-carcinogenesis and chemotherapeutic resistance at the same time [31] . But recent report showed that mice lacking Nrf2 are more susceptible to colitis and colorectal carcinogenesis [32] . Thus, the activation of Nrf2 plays an irreplaceable role in cellular dense, not only in normal tissue, but also in cancer cells [33] . retention of haematopoietic stem cells in their niche by binding to the CXCR4 promoter and activates its expression [34] . These findings together directed us to investigate the interaction between Nrf2 and CXCR4 in tumors. Our results revealed that Nrf2 was upregulated in human CRC compared to normal tissues. We found that high expression of Nrf2 in CRC was significantly associated with tumor size (P = 0.049). The bigger the tumor is, the higher the cell stress level will be. Moreover, the expression of CXCR4 protein in our study was significantly associated with TNM stage. These data suggested that the cell stress-ROS/RNSNrf2 pathway played a crucial role in advanced stage of the tumor. Interestingly, the expression of Nrf2 had a significant correlation with lymph node metastasis and distant metastasis.
Although the process by which Nrf2 protein promoted CRC progression was unknown, we did find that the upregulation of Nrf2 correlated very well with the overexpression of CXCR4 protein. Co-expression of CXCR4 and Nrf2 were detected in 36 cases of the 76 tumors. Furthermore, the co-expression of CXCR4 and Nrf2 was significantly associated with lymph node metastasis and distant metastasis in CRC patients. This suggests that the combination of high Nrf2 expression and elevated CXCR4 has a synergistic effect on CRC progression. We speculate that Nrf2, as a transcription factor, may regulate the expression of CXCR4 in CRC when facing with cell stress, which can help CRC cells to escape from the severe tumor microenvironment and speed up the progression of the tumor. However, the precise mechanism by which Nrf2 regulates the expression of CXCR4 in CRC cells needs further investigation.
In conclusion, the overexpression of CXCR4 and Nrf2 apparently plays key roles in CRC progression and CXCR4 and Nrf2 may become new candidate targets for targeted therapy of CRC.
